Chronic opiate exposure induces numerous neurochemical adaptations in the noradrenergic system, including upregulation of the cAMP-signaling pathway and increased expression of tyrosine hydroxylase (TH), the rate-limiting enzyme in catecholamine biosynthesis. These adaptations are thought to compensate for opiate-mediated neuronal inhibition but also contribute to physical dependence, including withdrawal after abrupt cessation of drug exposure. Little is known about molecules that regulate the noradrenergic response to opiates. Here we report that noradrenergic locus ceruleus (LC) neurons of mice with a conditional deletion of BDNF in postnatal brain respond to chronic morphine treatment with a paradoxical downregulation of cAMP-mediated excitation and lack of dynamic regulation of TH expression. This was accompanied by a threefold reduction in opiate withdrawal symptoms despite normal antinociceptive tolerance in the BDNF-deficient mice. Although expression of TrkB, the receptor for BDNF, was high in the LC, endogenous BDNF expression was absent there and in the large majority of other noradrenergic neurons. Therefore, a BDNF-signaling pathway originating from non-noradrenergic sources is essential for opiate-induced molecular adaptations of the noradrenergic system.
The noradrenergic system plays a central role in the neurobiology of several major psychiatric diseases, including mood disorders (Aston- Jones et al., 1999) , chronic pain conditions, and opiate dependence (Maldonado, 1997) . Chronic opiate exposure induces numerous neurochemical adaptations in various neurotransmitter systems (for review, see Williams et al., 2001) , including the noradrenergic system. These include increased adenylyl cyclase (AC) expression and upregulation of the cAMP pathway, increased expression of tyrosine hydroxylase (TH), the ratelimiting enzyme in norepinephrine biosynthesis (for review, see Nestler and Aghajanian, 1997) , altered neuropeptide expression (Zachariou et al., 2000) , and opiate receptor desensitization (for review, see Tsao et al., 2001 ). These adaptive responses are thought to counterbalance the inhibitory effects of activated opiate receptors and therefore restore the baseline activity of noradrenergic neurons during opiate exposure. However, they also contribute to the development of physical dependence: when drug exposure is stopped abruptly, these adaptations, in conjunction with an increased excitatory afferent input, cause a disinhibition of the noradrenergic system and a withdrawal reaction (Maldonado, 1997; Nestler and Aghajanian, 1997; Saiepour et al., 2001; Williams et al., 2001) . Because the ␣2-adrenoreceptor agonist clonidine and other drugs that downregulate noradrenergic neuron activity are very effective for the treatment of opiate withdrawal (Washton and Resnick, 1983; Maldonado, 1997) , it is clear that the disinhibition of noradrenergic neurons is a key factor in the neurobiology of opiate withdrawal.
Very little is known about endogenous factors that regulate opiate-induced adaptations of noradrenergic neurons. Druginduced adaptations in reward and addiction circuitry could be viewed as a form of neuronal plasticity (for review, see Koob et al., 1998) and thus may depend on similar molecular mechanisms that operate in learning and memory centers such as the hippocampus. For example, neurotrophin-signaling pathways that use molecules from the nerve growth factor family such as BDNF play a key role for some forms of long-term potentiation at hippocampal synapses [Kang and Schuman, 1995; Kang et al., 1997; Minichiello et al., 1999; Patterson et al., 2001 (and references therein) ].
Neurons of the locus ceruleus (LC), which is the largest noradrenergic cell cluster in the brainstem, express very high levels of TrkB, the high-affinity receptor tyrosine kinase for BDNF (Numan et al., 1998; King et al., 1999; Yamuy et al., 2000) . This may raise the question that BDNF, which is expressed at high levels in adult brain (Maisonpierre et al., 1990) , is an important regulator of noradrenergic neuron function. In vitro studies with fetal tissue demonstrated that addition of BDNF to the cell culture medium increases noradrenergic neuron survival (Friedman et al., 1993) and upregulates the expression of noradrenergic markers (Sklair-Tavron and Nestler, 1995) . However, in vivo evidence for a role of BDNF in noradrenergic neuron function and plasticity is still lacking. Studies with BDNF-deficient mice would be ideal for these purposes but until recently were hampered by the fact that conventional BDNF null-mutant mice do not survive into adulthood (Ernfors et al., 1994; Jones et al., 1994) . Using a conditional knock-out strategy with Cre/loxP-mediated BDNF gene deletion in postnatal mouse brain (Rios et al., 2001) , we analyzed the physiological adaptations to chronic opiate exposure in the absence of BDNF. We report that LC neurons of BDNF-deficient mice had a highly abnormal response to morphine treatment, as evidenced by a profound dysregulation of cAMP-mediated cellular signaling and a failure to upregulate TH expression. These abnormalities occurred in conjunction with a strongly attenuated opiate withdrawal reaction and provide, for the first time, evidence that BDNF is essential for drug-related plasticity in the noradrenergic system.
MATERIALS AND METHODS
Conditional deletion of BDNF in postnatal brain. Details of the generation of the BDNF conditional allele (BDNF2lox) were reported previously (Rios et al., 2001) . Briefly, in this line of mice, exon 5 of the BDNF gene was flanked by loxP sites. E xon 5 is the single coding exon of BDNF, and thus its Cre-mediated deletion results in a null BDNF allele (Rios et al., 2001) . To achieve BDN F gene deletion in postnatal C NS neurons, we used the calmodulin-kinase II (C amK)-cre transgenic mice in which cre expression is under the control of the neuronal C amK promoter Fan et al., 2001) . Regional and cellular expression patterns were monitored by crossing the C amK-cre transgenic line to a lacZ reporter line for cre/ loxP-mediated recombination (Soriano, 1999) . In all experiments, 12-to 16-week-old conditional mutants and wild-type (wt) littermate controls were used, in accordance with an approved animal protocol. The genetic backgrounds of all mutant and control mice were mixed but were predominantly 129/Sv. Breeding strategies were chosen to obtain littermates with two f unctional BDNF alleles (wt / wt or wt / 2lox) as control for the BDNF conditional mutants, to minimize the variability in genetic background.
Behavioral studies. For the behavioral studies, a minimum of 10 animals per genotype per test were used. For somatic withdrawal ratings, opiate dependence was induced by a progressive intraperitoneal treatment schedule of morphine every 6 -10 hr (day 1, 20 -40 -60 mg / kg; day 2, 80 -100 -100 mg / kg; day 3, 100 mg / kg). Withdrawal was precipitated 4 -5 hr after the last morphine injection with a subcutaneous injection of naloxone HC l (1 mg / kg). The overall withdrawal score was determined by the total number of checked signs (diarrhea, rhinorhea, lacrimation, abnormal posture, ptosis) and the frequency of each counted sign (wet dog shakes, freezing, grooming, rear, dig, jumping, tremors) over a period of 20 min by a trained observer, who was blind to experimental treatment and genotype.
Acute and chronic opiate tolerance were assessed by measuring nociceptive hot plate latency (56°C) as described by Bohn et al. (2000) . In the acute tolerance paradigm, mice were treated with morphine (100 mg / kg, s.c.) or with saline. T wenty-four hours later, the mice were challenged with low-dose morphine (10 mg / kg, s.c.). Hot plate latencies were measured at baseline under drug-naïve conditions and 30 min after the low-dose morphine. To prevent burn injuries and tissue damage, plate exposure was kept to a 30 sec artificial maximum time. Data were recorded as the "maximum possible effect" (%M PE): 100% ϫ [(drug response time Ϫ basal response time)/(30 sec Ϫ basal response time)]. In the chronic tolerance paradigm, mice were treated daily with 10 mg / kg morphine subcutaneously for 5 d. Each day, antinociception was measured 30 min after the morphine injection, using the hot plate assay as described above. Statistical differences between mutants and controls were calculated by using two-tailed t tests.
Electrophysiolog y. A minimum of 12 animals was used for each genotype and animal treatment (saline or chronic morphine). Morphine dependence was induced by a subcutaneous implantation of a single 75 mg morphine pellet (Bohn et al., 2000) , and recordings were conducted 65 hr after implantation. In pilot experiments, we compared electrophysiological adaptations of pellet-treated animals with those treated with repeated daily injections of morphine (total morphine dose 500 mg / kg).
Results were indistinguishable between these two morphine administration protocols, and here we report the data using the pellet protocol.
Electrophysiological recordings from LC neurons were performed as described previously (Lane-Ladd et al., 1997) . Brainstem slices were transferred onto the stage of a gas-liquid interface brain slice chamber under constant flow of humidified 95% O 2 /5% C O 2 and physiological buffer. The A6 (LC) were visually identified, and single-unit extracellular potentials were recorded with glass microelectrodes filled with 2 M NaC l. Recordings began not earlier than 90 min after setting up the slice preparation. This waiting period ensured complete wash-out of morphine in the drug-treated animals, as described elsewhere (Kogan et al., 1992) . Transient inhibition of spontaneous firing after brief application of the short-lived, endogenous opiate receptor agonist enkephalin (100 M) was used to confirm that recordings were done from LC neurons. Consecutive cells were sampled by multiple electrode tracks randomly positioned within the A6 and recorded for a minimum of 3-5 min to ensure that the firing rates were stable. Firing rates of LC neurons were recorded before and during bath application (for at least 10 min) of forskolin (10 M). At this forskolin concentration, maximum electrophysiological responses from A6 neurons are elicited. Additional recordings were conducted in the presence or absence of the opiate receptor antagonist naloxone (1 mol). Furthermore, -(opioid) receptor inhibition was examined by dose -response curves with the synthetic agonist [D-Ala2, NMePhe4, Gly-ol]-enkephalin (DAMGO). For statistical analysis, the firing rates of 10 -14 neurons from a single LC were averaged and considered as a single data point. Statistical significance of differences between mutants and controls was then tested by simple, two-tailed t tests.
cA MP ELISA. Mice were treated with saline or with morphine intraperitoneally three times per day (day 1, 20 -40 -60 mg / kg; day 2, 80 -100 -100 mg / kg; day 3, 100 mg / kg) with a total dose of 500 mg / kg during 65 hr. Animals were killed, and tissue from the dorsal pons in the area of the LC was homogenized by polytron in 10 mM Tris, pH 7.4, 5 mM EDTA buffer and pooled (six animals/experimental group and treatment), and membrane extracts were prepared by centrif ugation at 20,000 ϫ g for 15 min at 4°C. Membranes were washed repeatedly in this buffer, and then adenylyl cyclase activity was assessed using a protocol that is similar to the one described by Hausdorff et al. (1990) . First, membranes were resuspended in 2ϫ assay buffer (75 mM Tris, pH 7.4, 15 mM MgC l2, 2 mM EDTA, 500 M I BMX). Membrane protein aliquots (10 g per tube) were then assayed for forskolin-stimulated adenylyl cyclase activity for 10 min at 25 C in 1ϫ assay buffer containing 50 M GTP, 100 M ATP, 2.7 mM phosphoenolpyruvate, 20 U/ml myokinase (Sigma), 4 U/ml pyruvate kinase, and 10 M forskolin (C albiochem) in a final volume of 50 l. Samples were frozen at Ϫ20°C for a period of 12 hr, and then the concentration of cAM P was quantified using the BIOTR AK EIA system (RPN 225; Amersham Biosciences) according to the manufacturer's instructions (Protocol I: non-acetylation EIA procedure; see RPN 225 manual). Assays were conducted in triplicate, and animals of each genotype and treatment were assayed in parallel experiments. Statistical significance of differences was calculated using two-tailed t tests.
Western blots. A minimum of five animals per genotype per treatment were used. Mice were anesthetized with isofluorane on days 1 and 3, morphine pellets (25 mg; N I DA) were implanted subcutaneously, and the incision was closed with wound clips. Sham animals were anesthetized similarly and incised but did not receive pellets. Mice were decapitated on day 5, and 14 gauge needle punch samples of the locus ceruleus were obtained from chilled 1 mm coronal slabs of brain.
Relative tyrosine hydroxylase protein levels were determined by Western blot analysis. Briefly, samples were solubilized by sonication in buffer containing 0.5% SDS, lima bean trypsin inhibitor (10 g /ml), leupeptin (10 g /ml), phenylmethylsulfonyl fluoride (15 g /ml), N-p-Tosyl-Lphenylalanine chloromethyl ketone (15 g /ml), N␣-p-Tosyl-lysine chloromethyl ketone (15 g /ml), and MG-132 (10 M). Protein concentrations were determined by the method of L owry with bovine serum albumin as standard, and for each sample 20 g of protein was electrophoresed on a denaturing 7% polyacrylamide gel and transferred to nitrocellulose. Subsequently, nitrocellulose membranes were blocked in PBS containing 3% non-fat milk and 0.1% T ween 20. TH was detected by incubating overnight at 4°C in rabbit polyclonal anti-tyrosine hydroxylase antiserum (1:2500; Chemicon, Temecula, CA), washing repeatedly with PBS/01.% T ween 20 (PBS-T), and incubating in horse radish peroxidase-conjugated goat anti-rabbit (1:5000; Vector Labs, Burlingame, CA) for 30 min at room temperature. Immunoreactive bands were detected by enhanced chemiluminescence and quantitated densitometrically using N IH image software. Subtracted background densities were obtained immediately below each band. Relative levels of protein were analyzed by ANOVA followed by post hoc analysis with T ukey's multiple comparison test.
To control for sample loading, membranes were reprobed with a rabbit polyclonal antibody recognizing catalytic subunits ␣ and ␤ of protein kinase A (PK A-c) (1:1000; Santa Cruz Biotechnology), using a procedure similar to the one described for TH immunolabeling. We choose PK A-c immunolabeling as a control because we observed that in mice, PK A-c levels are not differentially regulated between drug-naïve and morphine-treated animals.
Immunohistochemistr y. For immunohistochemical experiments, drugnaïve mutant and control mice were compared (minimum of five animals per genotype). All mutant and controls brains were perf usion-fixed with phosphate-buffered 4% paraformaldehyde, postfixed in the same fixative for 2 hr, then cryoprotected in phosphate-buffered 30% sucrose and frozen in dry ice. Blocks containing pons and medulla were cut in series of 15-m-thick coronal sections, which were permeabilized with 0.3% Triton X-100 in 0.1 M PO 4 , pH 7.4. Free-floating sections were incubated at room temperature for 12-24 hr, with a mouse monoclonal antibody against tyrosine hydroxylase (1:1000; Incstar), in combination with rabbit antiserum against phospho-cAM P-responsive DNA element binding protein (CREB) (1:500; Upstate Biotechnology). Sections were washed repeatedly, incubated at room temperature for 60 min with two secondary antibodies (FI TC -coupled horse anti-mouse antibodies and Texas Red-coupled goat anti-rabbit; 1:200; both from Vector Labs), and then washed repeatedly, mounted on slides, and visualized with a confocal microscope (Z eiss) and L SM (Z eiss) software.
Additional immunohistochemical experiments were conducted in mice in which the single coding exon of BDN F had been replaced with a lacZ reporter coding sequence (Farinas et al., 2001) . Coronal sections from the area of the pons and of the medulla of adult BDN F/lacZ reporter mice brains were prepared as described above, processed for immunohistochemistry using the anti-TH antibody (1:1000; Incstar) and a rabbit anti-lacZ antiserum (1:500; Molecular Probes), and then f urther processed with secondary antibodies using a protocol similar to the one described above.
Cell counting studies. Drug-naïve mutant and control animals were used for cell counting studies (minimum of five animals for each genotype). Brains were processed as described above, and for each brain the entire pons and medulla were cut into series of 15-m-thick free-floating sections and processed for TH immunohistochemistry, mounted on slides, and counterstained with 4Ј,6-diamidino-2-phenylindole for labeling of nuclei. Every second section was used for counting. Because both A6 and A2 showed considerable variability in neuronal distribution and density along the rostrocaudal axis in all mutants and controls, optical dissector and volume-based cell counting methods that rely on constant cell densities in a given volume were inaccurate for the present study. Instead, TH-immunoreactive neurons cut through the level of the nucleus were counted in each section, and total neuronal numbers were calculated by adding counts of single sections. The noradrenergic cell group A2 was localized using the detailed cytoarchitectonic descriptions of Kalia et al. (1985) .
In situ hybridization. Brains of wild-type mice were perf usion fixed with phosphate-buffered 4% paraformaldehyde, incubated overnight in 10% phosphate buffered formalin, cut into blocks, and embedded in paraffin. Coronal sections (8 m thick) were obtained from blocks containing the dorsal pons, mounted on Fisher Superfrost slides, and processed for in situ hybridization histochemistry as described by Tessarollo and Parada (1995) . Briefly, slides were deparaffinized in xylene and rehydrated in graded (100 -30%) ethanol solutions. After fixing in 4% paraformaldehyde, the tissues were pretreated with proteinase K (20 g /ml) (Boehringer Mannheim), refixed, immersed in triethanolamine buffer containing acetic anhydrate, and dehydrated. Sections were hybridized with antisense cRNA probes (5 ϫ 10 5 cpm) in a buffer containing 50% formamide, 0.3 M NaC l, 20 mM Tris-C l, pH 7.4, 1ϫ Denhardt's solution, 0.5 mg /ml yeast tRNA, and 10 mM DTT at 50°C for 20 hr. After hybridization, washes were performed in 4ϫ SSC and 10 mM DTT at 50°C. The slides were then incubated for 30 min at 37°C with RNase A (20 g /ml) and RNase T1 (2 g /ml) followed by a 30 min incubation at 55°C in 50% formamide, 0.2ϫ SSC, 10 mM DTT, washed twice for 30 min in 0.2ϫ SSC, 1% NaPyrophosphate (w/ v), 10 mM DTT, and dehydrated. The slides were dipped in Kodak emulsion N TB-2 and exposed for 7 and 14 d at 4°C for the TrkB and BDN F probes, respectively. The slides were then developed in Kodak D-19, fixed as recommended by the manufacturer. Sense and antisense probes labeled with 35 S were prepared by standard procedures by using UTP as the labeled nucleotide. The BDN F probe was synthesized from a f ull-length BDN F-specific rat cDNA. The TrkB probe was derived from a 450 bp fragment from the extracellular domain, as described in detail by K lein et al. (1989) , that recognizes the active kinase receptor and also truncated forms (Middlemas et al., 1991) . Because it has been shown recently that there appears to be signaling going through the truncated forms of the Trk B receptor (Yacoubian and L o, 2000) , it is important to look at expression localization of all forms of the receptor.
RESULTS

Conditional deletion of BDNF
The spatial and temporal distribution pattern of CamK-cremediated recombination was examined in mice carrying the CamK-cre transgene and a lacZ reporter for Cre/loxP-mediated recombination (Soriano, 1999) . In 2.5-week-old transgenic mice, the CamK-cre-mediated gene deletion was widespread in the forebrain, midbrain, and hindbrain, with the exception of the cerebellar cortex (Fig. 1 A) . As described previously (Chen et al., 1991) , the lacZϩ, blue cells were morphologically CNS neurons, confirming the neuronal specificity of the CamK-cre transgene. Cre-mediated recombination was also detected in several noradrenergic nuclei, including the locus ceruleus (A6) in the dorsal pons ( Fig. 1 B, LC) and the A2/C2 group in the dorsal medulla. In perinatal brain, few blue cells were observed ( Fig. 1 A) , confirming previous observations that the bulk of recombination in this CamK-cre transgenic line occurs after birth Fan et al., 2001) . The spatial and temporal distribution pattern of the lacZ-positive cells in the CamK-cre;lacZ reporter transgenic mice is also in accordance with Southern blot analysis for the deletion of the conditional BDNF allele in various brain regions of CamK-cre;BDNF conditional mutants (Rios et al., 2001) . Adult conditional BDNF mutants were recovered at the expected Mendelian ratio, indicating that BDNF deficiency in postnatal CNS neurons did not affect animal viability.
Attenuated opiate withdrawal in BDNF mutant mice
We examined opiate withdrawal behavior in mutant and control mice. A withdrawal reaction was induced in 12-to 16-week-old mice after 65 hr of a progressive treatment of morphine (total dose 500 mg/kg) with a subcutaneous injection of naloxone (1 mg/kg) 4 hr after the last morphine injection. Wild-type mice showed symptoms characteristic of opiate withdrawal, including signs of autonomic hyperactivity, wet dog shakes, forepaw tremors, digging, and other withdrawal-related behaviors. The total withdrawal score for the mutant mice was threefold lower in comparison to age-matched littermate controls [total score mutant 18.3 Ϯ 4.0 (mean Ϯ SE); controls 53.7 Ϯ 3.2; p Ͻ 0.01] (Fig.  2 A) . As shown in Figure 2 B, the BDNF conditional mutant mice scored, in comparison to wild-type mice, 40% lower on ratings for autonomic hyperactivity. Furthermore, mutants had a threefold decrease in various behavioral symptoms, including tremors ( Fig.   2C ) and wet dog shakes (Fig. 2 D) . Similar results were obtained when withdrawal was induced 65 hr after implantation of a single, 75 mg morphine pellet (data not shown).
This attenuated withdrawal reaction in the mutant mice could be caused by either a generalized failure to develop tolerance or a dysfunction in the neural circuitry mediating withdrawal, or both. To distinguish between these two possibilities, we examined morphine tolerance to a single low dose (10 mg/kg) after a single high-dose challenge (100 mg/kg) administered 24 hr previously. Both mutant and control mice exhibited a 40% decrease in antinociception after a single high-dose challenge (Fig. 2 E) . Next, we monitored the development of tolerance over the course of several days, by subjecting mice to daily injections of 10 mg/kg morphine and measuring antinociception with the hot plate assay. Both mutant and control mice developed a greater than threefold decline in morphine responsiveness over the course of 5 d (Fig.  2 F) . Therefore, the attenuated withdrawal observed in the BDNF-deficient mice is not caused by a generalized failure to develop tolerance.
BDNF deficiency results in a paradoxical downregulation of cAMP signaling after chronic opiate exposure
The noradrenergic system plays a key role in the neurobiology of opiate withdrawal, and therefore a dysfunction of noradrenergic signaling in BDNF-deficient mice could contribute to the observed withdrawal deficits. To examine whether genetic BDNF ablation alters LC noradrenergic neuron function, we conducted single-unit electrophysiological recordings from brainstem slice preparations. We first examined the function of G-proteincoupled opiate receptors that mediate inhibition of noradrenergic neurons. Activation of the -(opioid) receptor is well known to decrease the firing rate of LC neurons (Williams et al., 1988) . When we studied the suppression of spontaneous neuronal firing by successively increased concentrations of the synthetic -(opioid) receptor agonist DAMGO in LC neurons, no reduction in response was found in drug-naïve mutants as compared with controls (Fig. 3) . In addition, application of 100 M enkephalin to the perfusate resulted in complete cessation of neuronal firing in all mutants and control neurons (data not shown). We conclude that the mechanisms of opiate-mediated neuronal inhibition are preserved in the LC of BDNF-deficient mice.
Superactivation of the cAMP pathway after chronic morphine treatment has been studied as a cellular hallmark of opiate withdrawal in animals Chieng and Williams, 1998) and in cell culture [Finn and Whistler, 2001 (and references therein)]. We hypothesized that the attenuated withdrawal reaction of the BDNF-deficient mice could be caused by altered cAMP signaling in noradrenergic neurons. To examine this, we recorded from single units in saline-and morphinetreated animals in the absence and presence of forskolin (10 M) in the perfusate. Forskolin activates adenylyl cyclases that generate cAMP, resulting in activation of nonselective ion channels and neuronal excitation .
Representative tracings from saline-treated wild-type and mutant LC neurons are shown in Figure 4 , A and B, respectively. Baseline LC neuron firing rates of wild-type and mutant mice were not significantly different [controls 0.52 Ϯ 0.14 (SE) Hz or 5.2 Ϯ 1.4 spikes/10 sec vs mutants 0.42 Ϯ 0.11 Hz) (Fig. 4 E, F ) . When forskolin was added to the slice perfusate, neuronal firing in saline-treated wild-type and saline-treated mutant LC neurons was increased more than threefold (Fig. 4 A, B, E, F ) . Therefore, the cAMP-signaling pathway in mutant LC neurons appeared to be normal when studied under drug-naïve conditions.
To examine the superactivation of the cAMP pathway, we next recorded from LC neurons of mice that were treated for 72 hr with morphine pellets. Representative tracings from morphinetreated wild-type and mutant neurons are shown in Figure 4 , C and D, respectively. The firing rate of wild-type LC neurons in the absence of forskolin in the perfusate was 0.72 Ϯ 0.21 Hz (Fig.  4C,E) . Addition of forskolin to the perfusate caused a robust increase in neuronal firing in morphine-treated wild-type mice that was, on average, stronger than the forskolin-induced neuronal firing in saline-treated wild-type mice (2.55 Ϯ 0.46 vs 1.63 Ϯ 0.20 Hz) (Fig. 4 E) . This increase was significant ( p Ͻ 0.05). This upregulation of the cAMP pathway in morphine-treated wildtype mice is consistent with previous results in rats (Kogan et al., 1992; Osborne and Williams, 1996; Lane-Ladd et al., 1997) and in mice ). Unexpectedly and in striking contrast to morphine-treated controls, LC neurons of morphinetreated conditional mutants had a very low spike rate at baseline (0.23 Ϯ 0.06 Hz) (Fig. 4 D, F ). After addition of forskolin to the perfusate, the absolute spike rate of morphine-treated mutant LC neurons was 0.90 Ϯ 0.11 Hz (Fig. 4 D, F ), which represents a twofold decrease in comparison to saline-treated mutants (Fig. 4, compare B, D,F ) and a threefold decrease in comparison to morphine-treated controls (Fig. 4 E) . These differences were significant ( p Ͻ 0.05-0.01).
Thus, morphine treatment in wild-type animals induced an expected significant increase in cAMP-mediated excitation but induced a paradoxical significant decrease in cAMP-mediated excitation in the BDNF-deficient mice. The dramatic decrease in neuronal firing in the mutant LC is not explained by an abnormal activation of inhibitory opiate receptors because all slices were subjected to a 90 min wash-out period to remove residual morphine. Furthermore, we repeated the electrophysiological recordings after adding 1 M naloxone, an opioid receptor antagonist, to the perfusate. We found that naloxone did not increase the firing rate in slices from morphine-treated mutant or control mice (data not shown), in agreement with previous studies on morphinetreated rats (Kogan et al., 1992) . Therefore, we conclude that chronic morphine administration results in failure to upregulate the cAMP signal transduction pathway in the BDNF mutant mice.
Opiate-induced superactivation of the cAMP pathway is caused, in part, by increased expression and activity of several ACs (for review, see Nestler and Aghajanian, 1997) . To examine whether a dysregulation in AC enzymatic activity contributes to the paradoxical downregulation of cAMP-mediated excitation in the BDNF mutant mice, we measured AC activity in tissue extracts of the dorsal pons at the level of the LC. Tissue from wild-type mice showed a 1.7-fold increase in AC activity after chronic morphine treatment, but this upregulation was completely absent in morphine-treated mutants (Fig. 4G) . Therefore, lack of AC upregulation contributes to the neuronal hypoactivity and the altered cAMP signaling in the morphine-treated mutant mice.
BDNF is required for opiate-induced upregulation of tyrosine hydroxylase
TH is the rate-limiting enzyme in norepinephrine biosynthesis. During chronic morphine exposure, TH expression is upregulated in noradrenergic neurons of rats and mice, presumably as a compensatory mechanism for increased neuronal inhibition (Boundy et al., 1998) . To examine whether BDNF is required for this dynamic regulation of TH, we compared TH expression in LC of wild-type and BDNF-deficient mice. Morphine pellets (25 mg, s.c.) were administered on days 1 and 3 to mutant and control mice that were killed later on day 5. Changes in TH levels in microdissected LC were examined and compared with those of drug-naïve, sham-operated animals using Western blot analysis. At baseline, under drug-naïve conditions, TH immunoreactivity was similar in wild-type and mutant LC (Fig. 5 A, B) . Morphinetreated wild-type mice showed a robust increase in TH expression in comparison to drug-naïve wild-type mice (Fig. 5A ). This on average 2.5-fold increase in TH protein content was significant ( p Ͻ 0.05) (Fig. 5B) . In contrast, TH immunolabeling in morphine-treated conditional BDNF mutant mice was similar to the labeling observed in drug-naïve mutant and control mice (Fig.  5A) , and no significant differences in TH immunolabeling between drug-naïve and morphine-treated mutant mice were observed (Fig. 5B) . We conclude that opiate-induced upregulation of TH requires BDNF.
BDNF-deficient mice maintain normal numbers of noradrenergic neurons
In cell culture studies, BDNF has been implicated in the survival of noradrenergic neurons (Friedman et al., 1993) . To determine whether increased death of noradrenergic neurons contributes to the attenuated opiate withdrawal reaction in the BDNF-deficient mice, we analyzed total neuronal numbers in noradrenergic cell groups of adult mutant and controls. Coronal sections from the brainstem of BDNF conditional mutant mice (Fig. 6 A) and controls (Fig. 6 D) were immunostained for TH. Total numbers of LC (A6) neurons in the dorsal pons and of A2 neurons in the medial solitary tract nucleus, as outlined by Kalia et al. (1985) , were counted. There was no significant difference between mutants and controls in the number of A6 neurons (controls, 933 Ϯ 76; mutants, 866 Ϯ 57) and A2 neurons (controls, 265 Ϯ 91; mutants, 313 Ϯ 110) (Fig. 6 F) . We conclude that BDNF is not essential for survival of noradrenergic neurons in adult brain.
CREB is a transcription factor known to be expressed by noradrenergic neurons (Widnell et al., 1994) and many other CNS neurons (Takeda et al., 1991; Konradi and Heckers, 1995) . In peripheral sensory and sympathetic neurons, normal levels of neurotrophins are required to maintain phosphorylated CREB, which promotes gene expression (Riccio et al., 1999; Watson et al., 1999) . To examine whether BDNF deficiency alters CREB expression in central noradrenergic neurons, we conducted immunohistochemical studies using an antibody that specifically recognized phosphorylated CREB. Immunoreactivity was fully preserved in LC (Fig. 6 B, C) , A2, and all other noradrenergic cell groups of the BDNF mutant mice. No detectable differences in immunohistochemical staining were found in comparison to controls (Fig. 6 E) , suggesting that central noradrenergic neurons do not require normal levels of neurotrophins to maintain CREB phosphorylation.
Regional distribution pattern of BDNF expression implies target-derived supply for noradrenergic neurons
Our studies suggest that BDNF is essential for drug-induced molecular adaptations of the noradrenergic system. Noradrenergic neurons are known to have widespread projections throughout the CNS and thus could derive BDNF from non-noradrenergic neuronal populations or express BDNF themselves, or both. To examine these possibilities, we analyzed by in situ hybridization the mRNA expression pattern for BDNF and TrkB (the BDNF high-affinity receptor) in the area of the wild-type LC. In emulsion-dipped sections from wild-type pons hybridized with radiolabeled TrkB antisense RNA, the strongest labeling was observed over the full dorsoventral extension of the locus ceruleus (Fig. 7A, arrows) , whereas labeling in other areas of the dorsal pons and in the overlying cerebellar cortex was less intense. In sections from wild-type pons hybridized with radiolabeled BDNF antisense RNA, the strongest labeling was observed in the granule cell layer of the cerebellar cortex, whereas labeling in the dorsal pons was more scattered and included a loose cluster of labeled cells in the vicinity of the ventral border of the locus ceruleus (Fig. 7 B, C, arrows) . These results are in accordance with previous studies describing BDNF mRNA-expressing cells in the dorsal pons by means of film and emulsion autoradiography (Castren et al., 1995; Conner et al., 1997; Numan et al., 1998) .
To examine whether the BDNF-expressing cells in the dorsal pons overlap with the population of noradrenergic LC neurons, we used mice that express the lacZ reporter coding sequence under the control of the endogenous BDNF promoter (Farinas et al., 2001) . Sections that were processed for lacZ immunoreactivity contained lacZ ϩ cells in an area medial to the LC (Fig. 7D ) that corresponded to the area that contains BDNF mRNA-expressing cells in wild-type mice (Fig. 7 B, C, arrows) . In sections that were double labeled for lacZ and TH immunoreactivity, lacZ ϩ cells were found in close spatial proximity medial to TH ϩ neurons, but double-labeled cells were not observed in the area of the LC (Fig.  7 D, E) . A similar analysis in sections obtained from the dorsal medulla revealed that a small portion (Ͻ15%) of catecholaminergic cells in the area of A2 were lacZ ϩ positive (Fig. 7F ) . We conclude that most of the noradrenergic neurons, including the entire population of LC neurons, do not express BDNF. However, gene expression for TrkB, the BDNF high-affinity receptor, is comparatively high in the LC.
DISCUSSION
We report genetic evidence for a role of BDNF in noradrenergic neuron function and opiate withdrawal. Loss of BDNF expression in postnatal brain dramatically alters the response of the noradrenergic system to chronic opiate exposure, as evidenced by an abnormal decrease in neuronal firing rates, a paradoxical downregulation of cAMP-mediated excitation, and a failure to upregulate levels of enzymes that are important for noradrenergic signal transduction, including adenylyl cyclase and tyrosine hydroxylase, the rate-limiting enzyme for norepinephrine biosynthesis. In contrast to the profound abnormalities after chronic opiate exposure, no abnormalities were found in LC neurons of drug-naïve BDNF-deficient mice. Notably, wild-type LC neurons do not express BDNF, but they express high levels of TrkB, the high-affinity receptor for BDNF. These results suggest that opiate-induced adaptations of the noradrenergic system depend on a BDNF-signaling pathway that emanates from nonnoradrenergic target cell populations or afferent projections.
BDNF deficiency causes an abnormal cellular adaptation to opiate exposure
Upregulated cAMP signaling in noradrenergic neurons restores neuronal activity and compensates for cellular inhibition caused by activated opiate receptors but also contributes to noradrenergic disinhibition and withdrawal behavior when opiate exposure is stopped abruptly (for review, see Nestler and Aghajanian, 1997) .
Drugs disrupting cAMP-mediated signaling, such as the PKA inhibitor Rp-cAMPS, when infused directly into the LC, attenuate opiate withdrawal reactions (Punch et al., 1997) and suppress the withdrawal hyperactivity of LC neurons (Ivanov and AstonJones, 2001 ). Conversely, drugs that activate the cAMP pathway, such as the PKA activator Sp-cAMPS, induce withdrawal-like behaviors when infused into the LC (Punch et al., 1997) . Therefore, we predicted that the threefold reduction in opiate withdrawal behaviors in the BDNF-deficient mice could be caused by a dysregulation of cAMP-mediated excitation in the mutant noradrenergic neurons. This is what we observed. Chronic opiate exposure resulted in a significant reduction in neuronal firing, a paradoxical downregulation of cAMP-mediated excitation, and a failure to upregulate AC enzyme activity in mutant LC neurons.
Activated opiate receptors inhibit the cAMP pathway by the release of the GTP-bound G␣ i subunits, blocking AC enzyme activity. The resulting decrease in cAMP levels then inhibits nonselective cation channels, causing a downward shift of the intracellular potential (for review, see Williams et al., 2001) (Fig.  8) . Interestingly, the reduction in LC neuron firing in the drugtreated mutant mice persisted even after a complete wash-out of morphine from the slice preparation. This finding suggests that chronic opiate exposure resulted in other maladaptations in the mutant LC neurons, in addition to the dysregulation of AC levels. Abnormal activation of potassium channels or inhibition of voltage-sensitive Ca 2ϩ channels, which are regulated by G␤/␥ subunits (North et al., 1987; Williams et al., 2001) , and altered endocytosis (Tsao et al., 2001) or constitutive activation of opiate receptors (Liu and Prather, 2001 ) may contribute to the observed inhibition of mutant LC neurons after chronic morphine treatment. Given the fact that the recordings were conducted on coronal slice preparations that disrupt afferent inputs of the LC, it is unlikely that the observed decrease in LC neuronal firing in the mutants is caused by an imbalance between GABAergic and glutamatergic excitatory signal transmission (Van Bockstaele et al., 2000) to the LC. At present, it is unclear whether a defect in LC neuron synchronization (Zhu and Zhou, 2001) contributes to the observed alterations in the mutant LC.
Chronic morphine administration has been shown to increase TH expression and catalytic activity (Guitart et al., 1990; LaneLadd et al., 1997; Boundy et al., 1998) in the LC. This upregulation of TH would be expected to increase the capacity of norad- renergic neurons to synthesize norepinephrine, which then could contribute to the dramatic increase in norepinephrine release and to associated behavioral changes described during opiate withdrawal (Koob et al., 1992; Grasing et al., 1997) . Therefore, one would predict that the lack of TH upregulation in the LC of BDNF-deficient mice would contribute to an attenuated opiate withdrawal reaction, which is what we observed. It is yet unclear how the disruption of the BDNF-signaling pathway abolishes the dynamic regulation of TH expression during opiate exposure. It has been suggested that TH expression is controlled by transcriptional regulation (Boundy et al., 1998) . Interestingly, cAMPdependent transcription factors and repressors appear to modulate the activity of the TH promoter (Tinti et al., 1996) . When levels of CREB in the LC are decreased by infusion of antisense oligonucleotides, TH levels also decrease (Lane-Ladd et al., 1997) . However, levels of phosphorylated CREB, indicative of its active state, appeared to be preserved in the nuclei of LC neurons of the BDNF-deficient mice, suggesting that in addition to CREB, other factors are required for the dynamic regulation of TH expression.
Notably, no abnormalities were found in LC neurons of drugnaïve BDNF-deficient mice, and LC neuronal inhibition after acute opiate exposure was fully preserved in the mutants. Therefore, the paradoxical downregulation of the cAMP-signaling pathway and the lack of TH upregulation in chronic morphinetreated mutants most likely reflects an alteration in drug-induced plasticity. The precise timing of these opiate-induced adaptations in the LC, including any effects of exogenous BDNF, remains a subject for future studies.
The neurochemical plasticity of noradrenergic neurons depends on BDNF derived from non-noradrenergic sources
During withdrawal, an increased excitatory afferent input to the LC and other noradrenergic cell groups contributes to the disinhibition of noradrenergic neurons (Akaoka and Aston-Jones, 1991; Aghajanian et al., 1994; Williams et al., 2001 ). In addition to modulating noradrenergic neuron function in acute withdrawal, our results indicate that non-noradrenergic systems, through a BDNF-signaling pathway, are also essential for the adaptations of noradrenergic neurons during chronic opiate exposure. Noradrenergic neurons have widespread projections to many areas of the adult forebrain, midbrain, and hindbrain that express BDNF (Maisonpierre et al., 1990) , suggesting that target-derived BDNF is a key factor for opiate-induced plasticity of noradrenergic neurons. Therefore, one would expect that a widespread genetic ablation of BDNF in the CNS results in functional abnormalities of LC neurons after chronic morphine treatment, which is what we observed. BDNF immunoreactivity is more readily detectable in noradrenergic fibers than in perikarya of noradrenergic neurons (Fawcett et al., 1998) , which may be expected if BDNF is taken up but not expressed by noradrenergic neurons. In analogy to the peripheral nervous system, perhaps BDNF is transported back to noradrenergic somata as phosphorylated Trk-ligand complex (Bhattacharyya et al., 1997; Watson et al., 1999) . Furthermore, BDNF is also subject to anterograde axonal transport in the CNS (Altar et al., 1997; Conner et al., 1998; Kohara et al., 2001) , and therefore afferent projections could serve as an additional source of BDNF for noradrenergic neurons.
Notably, two separate neurotrophin-signaling pathways regulate the neurochemical adaptations of the noradrenergic system in response to opiate exposure (Fig. 8) : a BDNF/TrkB-related signal, as shown in this study, and a neurotrophin-3 (NT-3)/TrkCrelated signal, as reported previously . The observed LC neuron abnormalities in morphine-treated NT-3-deficient mice appear to be less severe and in part opposite to the observed alterations in the BDNF-deficient mice, perhaps reflecting the fact that NT-3 expression in adult brain is much lower in comparison to BDNF (Maisonpierre et al., 1990) . However, in close analogy to the BDNF/TrkB-signaling pathway, the modulation of noradrenergic neuron function by NT-3 also emanates from non-noradrenergic systems . By using these neurotrophin-signaling pathways in variable combinations and intensities, neuronal circuits that are interconnected with noradrenergic neurons could adjust and fine-tune opiate-related adaptations of the noradrenergic system, which may greatly increase the response repertoire of the brain when it is exposed to opiates and other psychoactive drugs.
The LC as a model system for opiate withdrawal Pharmacological inhibition of noradrenergic neurons is a very effective treatment for opiate withdrawal (Washton and Resnick, 1983; Maldonado, 1997) , and this observation has spurred considerable interest in the role of the noradrenergic system for opiate dependence and withdrawal. Traditionally, the LC as the largest noradrenergic cell cluster in the brain has served as a model system for the pharmacology and cellular basis of opiate tolerance, dependence, and withdrawal (Nestler and Aghajanian, Figure 8 . A model whereby neurotrophins regulate opiate-induced adaptations in noradrenergic neurons. Ligand-activated opiate receptors, through G␣ I subunits, inhibit adenylyl cyclase (AC) activity, and this results in decreased depolarization currents through nonselective cation channels (NSC). Opiate receptors reduce neuronal activity further through G␤/␥ subunits that activate potassium channels and inhibit voltage-sensitive calcium channels (Williams et al., 2001 ). In the drugadapted state, BDNF offsets opiate-mediated neuronal inhibition by increasing levels of ACs and by restoring neuronal firing rates. NT-3, which plays a less dominant role in the noradrenergic system, appears to have a weak inhibitory effect on the cAMP pathway after chronic opiate exposure . Both BDNF and NT-3 increase TH expression in the drug-adapted state. It is yet unclear whether the neurotrophins regulate TH and AC expression at the level of gene transcription and whether mitogen-activated protein kinase (MAPK ) pathways are involved. Both BDNF and NT-3 are released by non-noradrenergic neurons and activate TrkB (BDNF ) and TrkC (NT-3) receptors by dimerization and phosphorylation either at the somal membrane or in distal processes of noradrenergic neurons. 1997). The LC was also the focus of our study. However, noradrenergic neurons are organized in multiple clusters in the pons and medulla, which may explain the observation that lesions of individual clusters and fiber pathways, including those emanating from the LC, do not abolish opiate withdrawal reactions (Christie et al., 1997; Caille et al., 1999; Delfs et al., 2000) .
Conclusion
Little is known about molecules that are key regulators of noradrenergic neuron function in adult brain. Here we show that BDNF is essential for adaptations of the noradrenergic system in response to chronic opiate exposure, including superactivation of the cAMP pathway, upregulation of tyrosine hydroxylase, and restoration of neuronal firing. It remains to be elucidated whether BDNF mediates neuronal plasticity in the noradrenergic system beyond these opiate-induced adaptations and whether the molecular mechanisms resemble those that operate, for example, in the Schaffer collateral-CA1 synapse in the hippocampus, where the intracellular signaling cascades of BDNF-dependent synaptic plasticity (Kang and Schuman, 1995) become increasingly recognized (Kang and Schuman, 2000; Patterson et al., 2001 ).
